Amphibian myelinated nerve fibers were treated with collagenase and protease. Axons with retraction of the myelin sheath were patch-clamped in the nodal and paranodal region. One type of Na channel was found. It has a single-channel conductance of 11 pS (15°C) and is blocked by tetrodotoxin. Averaged events show the typical activation and inactivation kinetics of macroscopic Na current. Three potential-dependent K channels were identified (I, F, and S channel). The I channel, being the most frequent ype, has a singlechannel conductance of 23 pS (inward current, 105 mM K on both sides of the membrane), activates between -60 and -30 mV, deactivates with intermediate kinetics, and is sensitive to dendrotoxin. The F channel has a conductance of 30 pS, activates between -40 and 60 mV, and deactivates with fast kinetics. The former inactivates within tens of seconds; the latter inactivates within seconds. The third type, the S channel, has a conductance of 7 pS and deactivates slowly. AU three channels can be blocked by external tetraethylammonium chloride. We suggest that these distinct K channel types form the basis for the different components of macroscopic K current described previously.
For some 30 years, myelinated nerve fibers have constituted a standard preparation for the investigation of Na and K channels in excitable membranes (1) . Macroscopic currents have been analyzed extensively, but the narrow nodal gap did not allow direct study of the underlying molecular events by means of the patch-clamp technique (2) . Fluctuation analysis (3) determines single-channel conductances only indirectly. On the basis of electrophysiological and pharmacological findings, several authors postulated the existence of different K channels in the nodal as well as in the internodal membrane (4) (5) (6) (7) (8) .
We now present single-channel recordings from nodal and paranodal axonal membranes of vertebrate nerve fibers, made accessible after a specific enzymatic treatment. One type ofNa channel is found, whereas different K channels are observed. Some of the results have been reported in a preliminary form (9) .
MATERIALS AND METHODS
Preparation. Branches of the sciatic nerve of the clawed toad (Xenopus laevis) were desheathed and treated for 90-135 min with 2-2.5 mg of collagenase per ml (Worthington type CLS II, 231 units/mg, Biochrom, Berlin, dissolved in Ringer solution) and for 30-40 min with 1 mg of protease per ml (type XXIV, 8.9 units/mg, Sigma, dissolved in Ringer solution, nominally Ca-free). Incubation temperature was 22°C. Nerve trunks were cut into 2-mm segments, which were then transferred into plastic Petri dishes. Fibers were gently dissociated by the fluid stream from a fire-polished pipette. The bottom of the dishes was coated with Glisseal laboratory grease (high-vacuum quality, Borer Chemie, Solothurn, Switzerland) to facilitate adhesion. After this procedure spontaneous retraction ofthe myelin sheath occurred. In about 5% of all fibers the axonal membrane became accessible to the patch pipette. The constricted axon segment of demyelinated fibers has been regarded as the site of the former node (see Fig. 1 patches, of which 30 were submitted to a detailed analysis. They all originate from nodal as well as paranodal membrane (see above). At both sites, Na channels and three types of potential-dependent K channels were found. This is consistent with previous reports (6, 11, 12) .
Abbreviations: DTX, dendrotoxin (toxin from the venom of the green mamba); TTX, tetrodotoxin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. rent values for membrane potentials E 2 -20 mV is 11 pS; the extrapolated reversal potential is 51 mV, coming close to the Nernst potential (53 mV under the present experimental conditions). This indicates that the channels are highly selective for Na+ ions over Cs' ions (recordings from outsideout excised patches). For E < -20 mV, the slope of the current-voltage relation decreases. This phenomenon has also been noticed in other preparations and may be due to a voltage-dependent block by extracellular Ca2l ions (13, 14) .
Furthermore, the channels exhibit the characteristic kinetic and pharmacological features of axonal Na channels (1) . As shown in Fig. 2 , averaged currents rise to a peak (activation) and then decline (inactivation) similar to macroscopic Na currents. Fitting the inactivation process of the averaged currents with two exponential terms gives a time constant of fast inactivation of 3.1 ms at E = -35 mV and 1.9 ms at -15 mV. Single-channel events are suppressed by 10-100 nM external TTX, and their open time is prolonged by 2.5 ,uM external Anemonia sulcata toxin II (not shown).
Axonal K Channels. K current recordings from patches with large numbers of channels are shown in Fig. 3 . In Fig.  3A , where the outer side of the membrane was exposed to Ringer solution, pulses with E --60 mV activate outward currents. The experiment of Fig. 3B has been performed in K-rich outer solution. As pulse potential is raised stepwise, an increasing number of K channels is activated. Then the potential is returned to E = -90 mV, and a large inward tail current flows through channels that are still open. It decays with two exponential phases due to deactivation of channels. Time constants (X1 = 2.2 ms and r2 = 30.9 ms, five patches, 100-ms conditioning pulses to E = 60 mV) and the relative amount of the slow component (28%) are similar to the values obtained with conventional voltage-clamp methods (5). Records are from two inside-out patches: the first pulse increased from E = -70 mV to 60 mV in 10-mV steps; the second pulse, E = -90 mV. Holding potential, -80 mV; low-pass filter, 2.9 kHz. Tail currents in A are inwardly directed and increase with pulse potential. Possibly, accumulation of K ions on the outer side of the membrane solution. This facilitates discrimination between different channel types within a wide range of potentials, and the "tail events" presented here may be directly compared with the macroscopic tail currents described previously (5).
The most frequently observed K channel type is shown in Fig. 4A . It was present in >95% of the patches and has a unitary current of 1.6 pA at E = -80 mV. The channel deactivates within some tens of milliseconds at E = -120 mV but closes more slowly at -70 mV. With Ringer solution + 100 nM TTX on the outer side of the membrane, the reversal potential for the single-channel currents lies negative to -50 mV, further evidence of the selective permeability to K' ions.
A second type of channel with a single-channel current of 2.7 pA at E = -80 mV can be seen in Fig. 4B . Between E = -120 mV and -60 mV, deactivation of this channel takes place within some milliseconds, often approximating the limits of resolution. This channel was predominantly found in preparations from skin branches containing mostly sensory fibers.
About 20%o of the patches contained a third type of potential-dependent channel with a single-channel current of 0.5 pA at E = -80 mV. As illustrated in Fig. 4A (uppermost trace), it deactivates much slower than the other two channels. Its open probability at the holding potential (E = -80 mV) was comparatively high.
In the following, these three channel types will be denoted I (intermediate), F (fast), and S (slow) channel according to their deactivation kinetics. Current-voltage curves are shown in Fig. 4C . The reversal potential of all three channels is close to E = 0, as expected for equal K concentrations on both sides of the membrane. The F channels and, more pronounced, the I channels display a slight inward rectification, which may be due to the presence of Na+ ions in the internal solution (16) . The single-channel conductances estimated from points between E = -130 mV and -20 mV are 23.3 ± 0.5 pS (estimated value ± standard error, weighted least-squares fit) for the I channel, 29.6 ± 1.0 pS for the F channel, and 7.2 ± 0.5 pS for the S channel. Fig. 4D shows an amplitude histogram for the three types of channels at E = -80 mV. They can be clearly distinguished with regard to single-channel conductance. A common feature, however, is that they are all blocked by 8 mM external tetraethylammonium chloride (not shown).
In a more detailed analysis on specific properties of I and F channels, DTX, a toxin from green mamba, was used as a potent K channel blocker. DTX and toxin I (a toxin with similar structure from black mamba) selectively inhibit one of two fast K current components in the nodal membrane (7, 8) . As demonstrated in Fig. 5 A and B , externally applied DTX (50-500 nM) completely abolishes I channel events but leaves some of the F channels. The single-channel conductance of the F channel in DTX equals the control value (see Fig. 4C ). activates between E = -60 mV and -30 mV with very steep voltage dependence, whereas the F channel activates between E = -40 mV and 60 mV with less steep voltage dependence. A common feature of both channels is that in response to long depolarizing pulses they open only transiently. Generally, I channel inactivation at potentials between E = -60 mV and 80 mV was by far slower and less complete than F channel inactivation between E = 40 mV and 80 mV. Typical recordings can be seen in Fig. 5 E and F. In addition to the three channels described above, at least two further ion channels could be detected in high-K0 solution but have not been characterized yet. One (conductance about 100 pS) is probably activated by internal calcium and by depolarization. The other (conductance about 40 pS) shows variable activity without marked potential dependence. Both channels can be considerably active around the normal resting potential.
DISCUSSION
Excitability in peripheral nerve fibers reflects the activity of distinct potential-dependent channels. This paper now characterizes them on the single-channel level. For the axonal Na channel, the single-channel conductance reported here is in fair agreement with previous results of stationary and nonstationary fluctuation analysis [7. 9 pS (3); 6.4 pS (17)] considering the differences in temperature.
The I, F, and S channels may correspond to the three K current components described previously from macroscopic currents (5) Recordings of K currents in multichannel patches resemble voltage-clamp data from intact nodes with respect to kinetics and channel density (see Fig. 3 ). rhe latter can be roughly estimated from the size of the tail currents (1 nA in Fig. 3B at E = -90 mV), the single-channel current (1.9 pA for the I channel at -90 mV), and the patch area (1.1 ,um2 determined according to ref. 20) . The calculation yields a value of about 500 K channels per ,um2 for this experiment. A systematic investigation of channel density as a function ofdistance from the node lies beyond the scope of the present study.
The findings concerning axonal K channels in their natural setting can be combined with steadily growing information about their structure as gathered by genetic approaches. Recently, the expression of a delayed rectifier K channel from rat brain cDNA (RCK1) has been reported (21) . Evident similarities between this channel-single-channel conductance about 22 pS in high-K solution, very slow inactivation, block by DTX and tetraethylammonium chloride-and our I channel suggest that they may be the same subtype.
Our method could also be applied to mammalian fibers and may help to elucidate the molecular pathobiology of demyelinating and other diseases in the human nervous system.
